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I. Introduction, 

The majority of radar trainers have been designed to obviate the 
necessity for employing flying aircraft or moving ships In order to train per- 
sonnel In the use of actual service radar equipment. To make this possible, 
the trainers must simulate the aircraft or ships In a realistic manner so that 
a considerable portion of the total training time can be done at central fixed 
landbased installations. 

The problem therefore, is one of designing trainer equipment which can 
duplicate realistically the principal motions and characteristics of the units 
to be replaced. For instance, in the case of the airborne radar training pro- 
gram, the trainer must simulate the motion and characteristics of a flying 
aircraft so that the same problems that he «ill encounter when finally in the 
air are presented to the student. The problem of suitable simulation concerns 
itself with the practicability of designing and constructing a computing 
mechanism which Is capable of duplicating the principal features of the re- 
placed unit. Since these computers invariably require the use of accurate 
medium power instrument servo loops of both the displacement and velocity types, 
the unit to be described has been developed to serve as a highly accurate and 
stable servo amplifier which can be used for either one of the two functions. 

': 

A displacement servo is one in which the displacement of the output shaft 
is proportional to that of the input shaft although at a considerably Increased 
power level. A velocity servo is one in which the velocity of the output shaft 
is proportional to the displacement of the Input shaft and again, at a con- 
siderably increased power level. A general discussion of introductory servo 
theory which may be helpful to those not too familiar with the subject can be 
found in Radiation Laboratory Report No. 645-2.» 

II. Design Considerations. 

A fundamental design consideration is that the unit be flexible enough for 
use in many different trainers with varying load conditions. It must also be 
capable of responding to slow, continuous input signals for some systems and 
fast discontinuous Input signals for others. It must be as foolproof as possible 
with the emphasis on ease of initial adjustment and maintenance but at the same 
time stable operation must not be sacrificed. These criteria are extremely 
stringent since it is the usual practice to design a servo system for one part- 
icular set of conditions. If a different set of conditions is encountered, a 
change of design is generally necessary since it is rare to find systems which 
can meet a wide variety of operating requirements. 

Certain specific requirements were set forth which had a bearing on the 
characteristics of the amplifier and the power output. Although servo amplifiers 
for driving d-c motors are usually simpler to build than those for use with 
a-e motors, this unit is required to work with very low noise output so that 
the commutator noise resulting from the use of a d-c or a series a-c motor 
could not be tolerated. Hence, a two phase a-c induction motor was decided 
upon, and the amplifier was designed to drive such a motor. 

The power output requirement was set for- a level of 50 watts which is 
sufficient for the larpest loads encountered in trainer work. The notor around 

•The Ql-2 and Q-3 Servo Amplifiers. R.l. Report c45-2 by R.H. rathe and 
?;. Roth. 
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which the uplirier was designed Is the Dlehl two phase 60 cps FFK-49 Induc- 
tion motor.    The nonlnal power output 1B roughly 12 watts with an Input power 
to the control winding of 35 watts so that the excess reserve power la useful 
for high accelerations.    It should be pointed out at this point that thla large 
factor of safety In power output Is made necessary by the requirestent that the 
servo be useful under auch varied operating conditions. 

•' 

Thus to summarise, the requlrenents to be fulfilled by the servo unit 
are« 

a) It must be capable of uae with many varied types of load conditions. 

b) It aust work satisfactorily with inputs ranging fron the slow con- 
tinuous to the faat discontinuous types. 

e) It must be easy to adjust and maintain. 

d) It must be «table In operation. 

e) It must be capable of 50 watts output power at 60 cps to drive a 
Dlehl FPE-49 motor. 

f) It must serve as either a displacement or velocity servo with high 
accuracy. 

III.    Theory of Design. 

Since the servo must be used In many widely differing applications, the 
servo amplifier must have sufficient sensitivity for the most stringent require- 
ment.    It was thought that this could be met by designing the unit with the 
highest gain possible so long as the other requirements of stability and ease 
of adjustment etc. were not compromised.    It Is a general dictum that stability 
and gain are Inverse to one another, I.e. stability suffers with an increase 
of gain and high stability necessitates lowering of the gain.    A factor which 
.-■•■■it I;,  complicates the situation Is that the motor which becor.es part of the 
output stage, Is actually a nonlinear element since Its impedance la a function 
of speed.    The impedance of a motor at very low speeds Is small compared to 
that at high speeds.    The answer to both these problems Is the use of feedback, 
which IF so often the answer to the designer's many and frequent dllemn.es. 

It Is well known that the use of voltage feedback in an amtllfier leads 
to greater stability and a reduction of output impedance.»    The relation giving 
the output Impedance with voltage feedback In terms of the output impedance 
without feedback can be shown to be: 

V - 1 +a0B 

»here Z„' z output Impedance w:th feedbeek 

Seei    Electrcriicc-.Vil3r.an and Seely—page 606 f.f. 
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• suit«t:e tachometers runs lr. the order of *1 percent.    Better units are eomrer- 
cially available, although the voltag«  per~R?K la pulte low and the output 
noise level la high.    The amplifier was made with a irovision for includingia 
tachometer superior to the one mentioned above In case such a unit could be 
obtained in th* future.    The actual lineerity of the amplifier assuming a per- 
fect tachometer la .£1/4 percert ac that a considerable increase in over-all 
accuracy is possible if better tachometers do become available. 

The input voltage wh'ch Is used to control the speed of the servo motor 
is 60 eps a-e so that a linear rectifier oust be include*? In order that the 
d-c voltage from the tachometer can be compared to the magnitude of the input 
voltage.    The actual input voltage to the amplifier is a voltage proportional 
to the difference between the tachometer voltage ar.d the Input voltage.    Since 
the amplifier is designed for 60 cps signals, the d-c voltage which represents 
the difference between the rectified input signal and the tachometer voltage 
is converted to a-c by mears of a vibrator driven from the 60 cpa line.    Thus, 
to use the amplifier as a velocity servo, the input a-c voltage oust be 
rectified, matched to that of the tachometei and the difference in d-c voltage 
must be converted by means of the synchronous vibrator before it is fed into the 
amplifier.   A suitable antihunt network must be provided so that the velocity 
of the motor does not oscillate around Its desired value.    This network performs 
a function similar to that of the network provided for use with the dispiseement 
servo, although it stabilizes the velocity of the output shaft rather than its 
displacement. 

Since the phase of the a-e voltage applied to the amplifier from the 
vibrator is controlled by the phase of the vibrator driving voltage and not by 
the phase of the input a-c voltage, the motor will have the same sense of 
rotation regardless of the input polarity.    Therefore, menns must be included 
whereby the motor can be reversed as the pha9e of the Input voltage reverses. 
In order to fulfill this requirement, a phaae detecting circu't Is included to 
control the operation of a reversing relay which changes both the direction of 
rotation of the motor and the nolarlty of the tachometer voltage. 

IV.    Circuit Description. 

A.    The Amplifier. 

The sane amollfler circuit Is used whether the unit is to be used as a 
displacement servo or as a velocity servo, although the Input circuit and 
reference element used In each case Is different.    Therefore, the details of 
the actual amplifier circuit will be discussed first since they are common to 
both apnllcatlona. 

As discussed above, the amplifier Is designed for very low phase shift 
at 60 cps with high gain and high stability.    The Input from either input 
channel (to be discussed later} Is fed directly to the grid of tube V3, a 
6SJ7.    (See Fig. 1.)    The stage is standard in all respects with the exception 
of the split cathode resistor.   R4 has been included as part of the feedback 
loop to inject a friction B of the output voltage into the Input stage.    The 
polarities are such that the feedback is degenerative and results In the low 
output Impedance with high stability as discussed above,    c: has been included 
from plate to ground in order to reduce the gain of the amplifier at high 
frequencies.    This Is done to prevent high frequency oscillations.    Cl  Is the 
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screen bypass capacitor an! haa been Included to Increase the gain of thr 
first stape by preventing screen degeneration.    The pain of this atage without 
the feedback loop connected is approximately 20,    The relatively low pain la 
caused by the cathode resistor R3 wh.'ch has bern left unby passed. 

The output voltage fron this first stape Is coupled by C3 to the grid of 
V4A.    This st.-we Is again conventional and needs no detailed discussion.   Its 
pain Is about 40.    The alpnal Is couplod by C5 to the grid of V4B which Is 
Identical to the previous stag» with the exception of the series grii resistor 
R33.    This exception is an 1 a nor in nt one since the response of the servo to 
short saturating sipnala Is dependent upon the action of this resistor. 

With the usual Input signals, the level at the grid of V£B Is well within 
the normal operating range of the tube.    However if for some reason the signal 
becomes larger than normal,  this grid will draw grid current since It Is driven 
Into the positive conducting region.    If R33 were oaltted, C5 would discharge 
during the positive conduction portion of the cycle and hence would develop a 
nepative bias.    Thus, when the signal returns to normal, the bias of V4B would 
be sufficiently negative to keep the tube cut off until C5 la recharged through 
R8.    This means that the amplifier would be blocked until V4B were no lonper 
below cut-off, ind thus th- servo would not follow the Input signal which in 
turn would increase again.    This process could develop into an uncontrollable 
block which, of course, results In poor servo response. 

By including R33, the discharge current from C5 during the positive con- 
duction time is reduce'! to such a value th- *  the bias does not become 
sufficiently negative so that the tube is cut off.    Hence, blocking Is no longer 
possible except on abnormally long saturating signals which are not found in 
practice if the servo loop la properly designed.    It was not necess-ry to in- 
clude the limiting resistor In previous stages,  since even with saturating 
signals the level is not high enough to cause grid conduction.    The lncl is ion 
of R33 does not change the operotlnn of this stape for normal  signals and  tmn 
its ga'n Is the sane is the rreeedinp stape, namely about 40. 

It was pointed out in the -reliainary discussion that transformers should 
be omitted wherever poaslblm in orrtor that instability due to strsy plckur. be 
minimized.    Thus csthodr- followers are used to drive the 307 power output tubes 
rather than the customary transformer.    Since a push-pull power stape is em- 
ployed, two signals equal, but 180° out of phase must be developed by the 
driver stape.    This is done by V5A and V5S. 

The signal from UB Is coupled to the grid of V5A hg C7.    Both cathode 
and plate resistors are Included and the values are so chosen that the voltage 
developed across the rlate resistor R15 is exactly equal but o-poslte in phase 
to that applied to the grid.    This signal Is then coupled to the grid of V5B 
wh.'ch is an identical stape.    Hence, the signals on the respective cathodes are 
equal and opposite lr phase.    It is to be noticed thst the negative return for 
these two stage? is not ground but -105 volts.    This is done to permit direct 
coupling fron the cathodes to the control grids of the 307 tubes.   By returning 
the cathode rer.l ?tors tc the negative supply, the d-e voltage on the cathodes 
with r.o Input  signal  is the i roper bias for tht   power tubas.    Th's procedure 
resu'ts in * low Impedance driver, in the order of 500 ohms, wh.'ch is 
ec.-rjiriral  in sr%ce an' weight ir..1 offers freedom from nickur difficulties. 
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Since t.h* respective output signals antl d-v tins-? should be approximately 
equal regardless of tubes chosen, the rMlatora used in th" driver circuit are 
all 5 percent tolerance elements.    This results in outfit voltages differing by 
not more than 10 percent independent of tube.-i.    This is entirely satisfactory. 

The powr output stage is entirely eonver.tional an.! needs little discussion 
here.    The output transformer used was designed sresially at the Radiation 
Laboratory to have • high impedance at 60 cps.    Conseouently, it has an in- 
ductance of 80 henries and mat-no.-, the motor load of about £0 ohms to the out- 
rut imped-ince nf the push-pull   Ws.    The grid  s»rie« re-1-tors P.19 and R?0 
are included to prevent the overloading of one of the JO«T tubes.    This mi..-ht 
ocr-ur if much frii current were drawn since the two cutb- •'■» followers are 
in*e"l-*j>.'\d'»nt.    If one of the 807 tubes were to draw m.--'i .-rid current,  the 
d— oias oi the cathode of Its cathode follower driver would rhunre anil this 
wjiild effect the other driver.   This action would lead to instability with 
li •'■■   signals and so is undesirable.    Although the serl-.s resistors limit the 
output power since the grids cannot drive Into the positive region,  the stab- 
ility la increased an'  the obtainable output power of 50 watts i« well within 
demand limits. 

The secondary of the output transformer drives the control winding of the 
two phase Diehl motor, as well as supplying the feedback voltage for the first 
stag«.    This voltage is attenuated by the resistor network comprising R21 and 
M in order that the value of R be correct, for the feedback desired.    Since 
there la actually a very small shift through the am.lifier at 60 cps,  the feed- 
'•■■■ ■'* is Mt a pure real quantity.    However, with the feedback loop connected, 
the phase shift fron input to output is essentially zero, as well as can be 
measured, and the overall voltage gain of the amplifier across a 500 ohm load 
resisto- is about lr.nro.    It is stable, and requires no adjustments of any 
kind in the amplifier channel itself.    Maintenance should be restricted to 
tube failures only since conservative wattage ratings on elements have been 
used throughout. 

B.    The Input Circuit for a Displacement Servo. 

The input circuit to be used when a displacement servo is desired is 
shown in Fig. 2.    Two networks which are designed to physically fit into plug- 
in capacitor containers are shown.    Thus, if networks with different constant 
are desired for a special purpose application, other similar units can be 
plugged into the available sockets.    The first network shown is the phase lag 
network.    It was mentioned that the constant phase winding of the two phase 
motor was excited from the line, which serves as the reference phase.    For 
maximum power output from the motor, the control field should be excited by a 
voltage which is phased 90° to that of the reference phase.    Since the amplifier 
has essentially zero phase shift, the input voltage must be phased 90° to the 
reference.    The particular rha.ie lag network shown In the figure is designed for 
a  11/jO phase lag when used with the associated parallel T network.    Flth this 
pViase shift and an input voltage source comprising a 5G and 5CT synchro com- 
bination, the output voltage will have the approximate 90° shift from the 
reference phase. 

The parallel T network also shown in Fig. ? is employed to introduce the 
proper derivative re-yonse which is necessary for stable servo operation.    A 
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discussion of tha principles of operation of such • network will be found in 
the previous reference, Report 645-2. Since the response of this network has 
a sharp dip at the carrier frequency of 60 cps, the higher harmonics present In 
the Input signal come through the network with much less attenuation than the 
desired signal. This is sufficient to saturate the amplifier In many cases 
unless the higher harmonics are removed. The phase lag network shown also 
accomplishes this in addition to the previously stated purpose. 

The only adjustment when the unit is used as a displacement servo Is the 
gain control potentiometer PI. The signal present at the output of the parallel 
T network feeds the gain control PI which has a logarithmic taper. The choice 
of taper was made so that the variation in gain per unit shaft displacement 
would be a constant. This is, helpful in obtaining fine adjustment for critical 
applications. The output from the potentiometer feeds directly into the pre- 
viously described amplifier unit. It should be emphasised here that since the 
two networks are plug-in units, for applications requiring different amounts of 
phase shift or different antihunt characteristics, other plug-in networke can 
be designed and substituted for the ones shown. 

C. The Input Circuit for a Velocity Servo. 

The Input circuit for the unit used as a velocity servo is shown in rig. 
3. The circuit rectifies the Incoming a-c signal, matches it against the volt- 
age from the d-c tachometer and converts the difference back to 6C cycles a-c 
after including the proper antihunt characteristics. The rectifier, V2A, is a 
6SN7 with the grid connected to the plate so that the tube operntes as a diode. 
The rectified voltage appears across the network comprising CIO and R22. Since 
the load Impedance is very high compared to the diode resistance, the rectifi- 
cation is linear to better than 0.1 percent. The linearity could be improved 
if necesrary, by increasing the value of the load impedance although a limiting 
value is reached when the time constant become:-, so large that the d-c variations 
cannot follow the variations in amplitude of the a-c input. 

The rectifier is Imperfect in that with zero volts input, approximately 
.5 volt of d-c is developed across R22, This is due to the contact potential 
of the diode, V2A. If the filament voltage for this tube were regulated so 
that this contact potential would be a constant, a small bias cell or a voltage 
derived from the B* supply co.ld be used to cancel the effect. However, this 
is not the case sirce the filament voltage does vary within the +1 percent 
tolerance level permitted for normal tube operation. In order to cancel the 
contact potential, the second half of the tube, V2B, is connected as shown. 
Since this tube also develops a contact potential, it is possible to connect 
V2A and V2B in such a way that the two voltages cancel. If the plate of tube 
V2B is connected to its cathode by R23, the plate will be negative with respect 
to the cathode by an amount equal to its contact potential. Since the cathode 
of V2A is positive with respect to ground by an amount equal to its contact 
potential, tV.e voltage at the plate of V2B with respect to ground will be the 
difference between the contact potentials of the respective tubes. By choosing 
a tube having a ror.ron heater for both sections, the temperatures of the re- 
spective cathodes ramie approximately equal as the filament voltage varies. 
Thus, the net difference betreer. the contact potentials will be very small since 
eonttct potential depend? upon the difference in work functions of the cathode 
and plats which is largely a function of temperature. The actual voltage ob- 
tained at the plate of V?B riu, z»rc, volts a-c input is less than 0.P1 volt 
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as the filament voltage varies within its *lf percent limits.    Cll  Is Included 
as a bypasf for str*y a-c pickup voltage rhich would be developed across P.2?. 
Hence, the effect of contact potential Is made negligible so far BB Ita in- 
fluence on the velocity aervo is concerned. 

A fraction of the tachometer voltage is added in serifs with the rectified 
voltare as shown in the fimre.    R?4, ?5 and P2 conprlse a voltage divider net- 
work.    By changing F?,  the voltage yicr RPV of the tachometer la effectively 
varied and  this adjusts the output speed of the motor per unit  Input voltage. 
The polarity of the tachometer is such that the difference between the two volt- 
ages anpears at the output of the network. 

R26, P..'   and CIS comprise a network wh'ch stabilizer the velocity of the 
motor.    Since the response of such a network is unity at zero cpa and falls off 
to a constant much less than unity at infinity,  the emphasis is placed on the 
d-c component of the input difference voltage rather than on the a-c variations. 
This acts to stabilize the motor speed at the proper value by preventing any 
slight variations in speed  from building up to an oscillating condition, wh'ch 
Is the ease when the network is removed. 

The vibrator is driven by the 60 cps line so that the frequency of the 
output voltage will also be 60 cps.    Actually the output voltage is a  square 
wave which can be passed through the amplifier and applied to the motor with- 
out any detrimental effect».    The amplitude of this square wave Is proportional 
to the difference in d-c voltages between the rectified input and the tachometer. 
The speed of the motor will  be stabilized at value which results in a difference 
voltage Just sufficient to develop the power needed  to drive the motor at that 
speed.    The gain of the amplifier is such that this voltage is only 1/4 per- 
cent of the input voltage at the maximum motor speed.    Cl? is Included to re- 
move some high frequency components introduced by the vibrator contacts.    The 
output from this channel  feeds directly into the input terminals of the 
aaplifier for use as a velocity servo. 

D.    The Phase Detector Circuit. 

The remaining unit for discussion is the phase detector circuit as shown 
in Fig. 4.    This circuit is employed to reverse the motor and tachometer leads 
when ti.e ihase of the input signal  reverses,  since the d-c rectifier discussed 
above does not Include phase detecting means.    The a-c input feeds into the 
grid of a high gain amplifier stage that has a gain of about 50.    This is the 
same input that feeds the rectifier circuit and thus precautions must be taken 
to prevent any loading of the input voltage.    If loading were permitted, the 
linearity of the unit would be decreased and the steps taker to eliminate con- 
tact potential would not be Justified.    By placing a large resistor, R28, in 
series with the input grid the loading is prevented since frid current is neg- 
ligible. 

The amplified voltage ia applied to the grid of V1K whose plate load com- 
prises the coll of a sensitive relay.    The plate power is supplied by the 60 
cycle line and thus serves aa a reference phase.    If the grid signal is out of 
phase with the alternating current on the plate, the tube does not conduct,  but 
when the phase of the input is the same as that on the plate,  the tube conducts 
heavily and the relay is actuated.    The sensitive relay controls the rower 
applied  to a power relay and thus the power relay is actuated by the phase of 
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the input sign*] , as derired.     ihe power relay  pitches the lends of the con- 
trol wird inf.- cf the servo Bieter as »e?l  as thosf  of the tachoaeter, so that the 
direction of rotation is r&de dependent upon  the phase cf the input a-c signal. 

Figure 5 is a conilete diagram of the unit  including the snitch which 
quickly converts  fror, one input channel to the other.    In some cases it is 
derirable to ii elude a reOny for the switching since it may be nece: sar>  to 
convert, fron one tyic of servo to the other by means of a panel switch. 

Conclusion. 

The original design criteria have beer, fulfilled by the unit described 
above.    Complete testing in n.any different systems hts not beer done since verY 
was ; tc: :ed on this project after  the completion of several urilts.    However, 
preliminary tests have been ir.ade en a laboratory test Jig containing a choice 
of sev- ral gear ratios between the motor and the error sensitive elements, 
either a 1CT synchro for a displacement servo or a d-c Ellnco tachometer for a 
velocity aervo.    Provision for a variable friction load and variable inertia 
load were also included.    Thus the laboratory test apparatus provided tests 
which could be made cu-'te flexible and simulated most system applications.    The 
oneration of the unit In these tests was completely satisfactory. 

Although the unit was to have a power surtly Included making it a com- 
pletely self-contained servo amplifier, the project was stopped before this 
addition could be made.    Certain construction precautions must be taken In 
order that the amplifier be free from oscillation tendencies and Instabilities 
due to strt;   pickup.    These precautions comprise such things as:    a) making 
the filament leads to ear!   tube, a tightly twiated nalr of wires, b) using as 
a ground, a common wire grounded to the chassis at. only one point grounding 
elements to the chassis,  c)  grounding the input lead at this conron point after 
running two twisted leads from the error element, d) running two twisted leads 
to the motor after ground!nr one at the chassis ground, and so forth.    These 
precautions, although conventional,  cannot be overemphasized,  since the gain is 
higher than Is the case wltr most audio amplifiers and the  tolerable noise 
level is much lower. 

It was  found that once adjustments had beer made, only a single adjustment 
for either the displacement or velocity  servo operation was necessary.    Operation 
frr roughly two hundred hours required maintenance of no kind,  so that it would 
seem that the design allowed  suitable factors of safety so far as tube and cir- 
cuit element ratings are concerned. 

17. Rotb 
November 5, 1945 
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